The strain is a result of a magnetically induced phase transformation from a high volume (high temperature, low magnetic field) monoclinic phase to a low volume (low temperature, high magnetic field) orthorhombic phase. The particles used in the composite were ball-milled from a bulk sample and sieved to obtain a size distribution of 600 m. Bulk Gd 5 Si 2 Ge 2 was manufactured via arc melting and subsequently annealed at 1300 o C for 1 hour to produce a homogenous, polycrystalline sample. The transformation temperatures of the bulk sample, as measured using a Differential Scanning Calorimeter (DSC), were M s = -9.3 o C, M f = -14.6 o C, A s = -4.4 o C, and A f = -1.2 o C. The composite and the bulk samples were magnetically characterized using a SQUID magnetometer, and found to undergo a paramagnetic to ferromagnetic transition during the phase transformation, consistent with published results. The bulk sample was also found to possess a maximum linear magnetostriction of -2500 ppm.
INTRODUCTION
Since the discovery of the giant magnetocaloric effect (-S m = ~36 J/kgK) near room temperature in Gd 5 Si 2 Ge 2 , 1-2 this and related Gd 5 (Si x Ge 1-x ) 4 compounds have been studied extensively as these materials hold a promise for future applications in energy efficient and environmentally benign magnetic refrigeration devices. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Gd 5 (Si x Ge 1-x ) 4 compounds also exhibit colossal volume magnetostriction due to a structural phase transformation. 13, [15] [16] The volume magnetostriction can be induced thermally (spontaneous volume magnetostriction) as well as magnetically (forced volume magnetostriction), and are observed to be comparable as demonstrated by Morellon et al. 13 The single crystalline Gd 5 (Si x Ge 1-x ) 4 compounds exhibit magnetostrictive strains up to ~10000 ppm along the crystallographic a axis. These properties make them ideal candidates for replacing materials used in actuators, such as Terfenol-D and PZT, where linear strains are limited to ~2000 ppm and volume strains are close to zero. 17 One problem with magnetic actuators is eddy current losses when actuated at high frequencies. 18 Eddy current losses significantly limit bandwidth with typical values less than 1 kHz. A solution to this problem is to embed the magnetic particles in a non-conducting binder to create a composite. The smaller particle sizes substantially reduce eddy currents without lowering the strain significantly. 18 Characteristic frequency (an indicator of eddy current losses) becomes larger with decreasing eddy currents, typically increasing by two orders of magnitude as the particles size is reduced ten-fold.
In this study, we report the magnetic characteristics of a [0-3], resin-bonded, Gd 5 Si 2 Ge 2 particulate composite. The forced volume magnetostriction is measured using two orthogonal strain gages and compared to forced volume magnetostriction measured in polycrystalline bulk Gd 5 Si 2 Ge 2 . An analytical model is also developed based on a rule of mixtures formulation providing a comparison between theoretical values and experimental results for the magnetically strain in the Gd 5 Si 2 Ge 2 particulate composite. Particles used to make the composite were obtained by ball-milling the bulk material for 5-30 seconds in air. Particulate obtained was random in shape and was sieved to get a particle size distribution of 600 µm. DSC measurements indicated the following transformation temperatures for the ball-milled particles: M s = -6. , and subsequently de-gassing to eliminate occurrence of voids in the cured composite. The particles were then aligned under a static magnetic field of ~150kA/m using a pair of Nd-Fe-B permanent magnets. 19 Particle alignment, however, is expected to be poor due to the Gd 5 Si 2 Ge 2 being paramagnetic at room temperature. The mixture was cured at room temperature for 1 hour, after which it was cured for an additional 4 hours in an oven at 70 o C. The cured composite was finally de-molded and lapped to 1.5 × 1.5 × 1.5 cm 3 .
MANUFACTURING AND TESTING
Figure1: Composite Gd 5 Si 2 Ge 2
Magnetization measurements were conducted on a bulk Gd 5 Si 2 Ge 2 and on a 35% volume fraction Gd 5 Si 2 Ge 2 composite using a SQUID magnetometer (Quantum Design MPMS). Magnetostriction measurements were performed using a Quantum Design 9T physical property measurement system (PPMS). Two orthogonal Micro-Measurement EA-06-031CF-120 strain gages were used to measure the magnetostriction in the composite, while a single strain gage was used to measure the magnetostriction in the bulk material. In both cases, a blank strain gage was used to compensate for the effect of the applied magnetic field on the strain gage. o C, and 24 o C). This jump in magnetization (i.e. paramagnetic to ferromagnetic transition) shifts to higher magnetic field values, from ~2000 kA/m to ~4000 kA/m, as the temperature is increased (i.e 9 to 24 o C). To understand this shift, one must recall that the ferromagnetic ordering of Gd 5 Si 2 Ge 2 is determined by a balance between the thermal energy that tends to disorder the magnetic moments and the exchange interactions between the Gd atoms that tend to order the magnetic moments. Ferromagnetic ordering occurs when H m kT, where is the magnetic moment of Gd atom, H m is the magnetic field acting upon a magnetic dipole, which within the molecular field theory is given as H m = H + NM, where H is external magnetic field, N is molecular field constant, and M is spontaneous magnetization, k is Boltzman constant, and T is absolute temperature. At a certain magnetic field range, H, the magnetic exchange energy ( H m ) exceeds the thermal energy (kT) and the material transforms from the paramagnetic to ferromagnetic state. Therefore, by increasing the temperature, this balance in energy is shifted to higher external magnetic field levels due to the increase in thermal energy. Figure 3 is a plot of the strain (parallel to the direction of magnetization) vs. temperature for bulk Gd 5 Si 2 Ge 2 . The figure shows a large increase in the linear strain (~0.2 %) during the phase transformation after which there is a continued increase in the strain upon increasing the applied magnetic field. The large jump in strain occurs at higher magnetic fields as the temperature is increased consistent with the magnetization data ( Figure 2 ). Also, a larger jump in strain occurs at higher temperatures suggesting that along the measurement axis the contraction increases as the temperature is increased. The largest jump in linear strain of 2500 ppm occurs at a temperature of 22 o C. This strain is comparable to that exhibited by the RFe 2 (where R stands for rare earth) magnetostrictive alloys (e.g. TbFe 2 ). ppm) are significantly lower than those measured in bulk Gd 5 Si 2 Ge 2 . There are two possible explanations for these. One possible explanation is that properties of the particles were altered by the ball milling process as, to a certain extent, is supported by the DSC data. A second possible explanation is the random orientation of the Gd 5 Si 2 Ge 2 particles in the polymer matrix due to the poor alignment of the particles during cure. Essentially, there are two types of polymerbonded composites, e.g. a 0-3 (particles dispersed randomly in a polymer matrix) and a 1-3 (particles aligned in a single direction in a polymer matrix) composite. It is well known that an aligned 1-3 composite exhibits a significantly higher strain than a randomly dispersed 0-3 composite. 20 A 0-3 composite was obtained in our case as a result of the particles being paramagnetic at room temperature, and therefore impossible to align under moderate magnetic fields. Aligning at the low temperature ferromagnetic phase was also not possible due to the temperature required to cure the epoxy. It is worth noting here that the as-arc melted Gd 5 Si 2 Ge 2 alloys have a tendency to developing strong texture during solidification, which is preserved after the annealing. During the measurements of the bulk magnetostriction we made no attempt to quantify the texturing of the piece, nor did we make any attempt to mount stain gages along a specific preferred orientation direction. The observed maximum magnetostriction (-2,500 ppm) agrees with the notion that the studied piece of Gd 5 Si 2 Ge 2 was textured and that the strain gage was mounted at random because as follows from Ref. 6 , strain along the a-axis should be under -10,000 ppm, it should be under -2,000 ppm and under 1,000 ppm along the band c-axes, respectively. during to the phase transformation decreasing as the temperature is increased. Furthermore, the negative strain decreases with increasing magnetic field beyond the phase transformation. This is opposite to magnetostrictive strains observed in the bulk Gd 5 Si 2 Ge 2 , whereby the negative strain increased with increasing temperature. Knowing the strains parallel and perpendicular to the direction of magnetization and assuming the composite to be isotropic the volume magnetostriction can be calculated using the following formula: 2 // .
RESULTS

Bulk Gd
( 1 ) Figure 6 is a plot of forced volume magnetostriction ( ) as a function of temperature for composite Gd 5 Si 2 Ge 2 using data shown in Figure 5 . The plot shows the volume magnetostriction in the composite generally decreasing as the temperature is increased from -3 o C to 27 o C. This trend is different than that observed in the bulk Gd 5 Si 2 Ge 2 and can be partially attributed to the softening of the matrix at increased temperatures. The other reason is that the ball milling process damages the particles in the form of oxidation, thereby altering their properties, which would explain the difference in properties between the bulk sample and the composite. 
CONCLUSION
In summary, bulk, polycrystalline Gd 5 Si 2 Ge 2 was manufactured via arc-melting and its' transformation temperatures determined by DSC measurements. The bulk material was also ball milled and its transformation temperatures determined. Comparison of the DSC measurements of the bulk and ball milled particles suggest that the particles were damaged during the ball milling process possible due to oxidation. The bulk Gd 5 Si 2 Ge 2 was magnetically characterized using a SQUID magnetometer showing the jump in magnetization during the paramagnetic to ferromagnetic transition accompanying the phase transformation. The transformation occurring at higher magnetic fields with increased temperature was attributed to the interplay between the exchange interaction energy between the Gd atoms and the thermal energy, the latter becoming larger as the temperature is increased. A polymer-bonded, 35 % volume fraction, [0-3] Gd 5 Si 2 Ge 2 composite was also manufactured. Magnetic properties exhibited a similar trend as for the bulk with an appropriate scaling of the magnetization. Magnetostriction measurements of the bulk material and the composite indicate a significant reduction in the linear magnetostriction in the composite (~500 ppm) as compared to the bulk (~2500 ppm). The reduction was attributed to 1) the stiffness of the vinyl ester matrix and 2) the [0-3] alignment of the particles in the Gd 5 Si 2 Ge 2 composite.
